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Abstract: In aviation gas turbine combustors, many factors, such as the degree and extent of fuel/air

mixing and fuel vaporization achieved prior to combustion, influence the formation of undesirable

pollutants. To assist in analyzing the extent of fuel/air mixing, flow visualization techniques have

been used to interrogate the fuel distributions during subcomponent tests of lean-burning fuel

injectors. Discrimination between liquid and vapor phases of the fuel was determined by comparing

planar laser-induced fluorescence (PLIF) images, elastically-scattered light images, and

phase/Doppler interferometer measurements. Estimates of Sauter mean diameters are made by

ratioing PLIF and Mie scattered intensities for various sprays, and factors affecting the accuracy of

these estimates are discussed. Mie calculations of absorption coefficients indicate that the

fluorescence intensities of individual droplets are proportional to their surface areas, instead of their

volumes, due to the high absorbance of the liquid fuel for the selected excitation wavelengths.

Keywords: Combustor, Fuel Sprays, Planar Laser-Induced Fluorescence (PLIF), Mie Scattering, Drop Size

1. Introduction

To reduce the impact of pollutant emissions from aircraft on the environment, and to meet proposed NOx

emission regulations, reduction of pollutant emissions from gas turbine combustors is required. For a given

pressure ratio and fuel/air ratio, pollutant production is influenced by the degree of fuel vaporization and mixing

achieved prior to combustion. Due to the complexities of modeling and expense of conducting experiments on

actual gas turbine combustors, some efforts have focussed on conducting tests at atmospheric pressure. Such tests

have employed reacting and non-reacting fuel simulants, in attempts to recreate aspects of the actual two-phase

flow, and to develop diagnostic techniques to measure parameters of interest.

Many researchers have characterized fuel concentrations, fuel/air ratios, and spray drop size distributions

in swirl-stabilized spray flames and premixed, prevaporized subscale gas turbine combustors (e.g. Locke et al,

1995, Bulzan, 1995, McDonell et al, 1993, Locke et al, 1998). Phase Doppler interferometry (PDI) has been used

to make spray drop size distribution and velocity measurements in spray flames, and to derive liquid mass flux

from these parameters. Planar laser-induced fuel fluorescence has also been used to optically patternate sprays.

Although PDI has become the standard technique for spray characterization, it is more difficult to align and time-

consuming to apply than planar imaging, especially in high-pressure combustors with limited optical access.

McDonell et al, 1995, used planar laser-induced fluorescence (PLIF) of fluorescein-doped methanol in a

gas turbine swirl cup spray at ambient pressure to determine liquid phase fuel distributions. They obtained some

agreement between fuel uniformity, as determined from images of the liquid fluorescence, and trends in NOx

emissions. They also demonstrated qualitative agreement between volume distribution measurements from PLIF

and PDI. From measurements of a monodisperse droplet stream, McDonell et al determined that the relationship

between droplet volume and PLIF image intensity was linear for their setup.

Herpfer and Jeng, 1995, developed an innovative technique to simultaneously measure the drop sizes and

velocities in burning gas turbine injector sprays using planar imaging. They were able to achieve good agreement

between PDI and their planar technique in reacting sprays; however, their setup had some difficulty with low

signal-to-noise in regions of high flame luminosity. Their calculations show that the intensity of the Mie-scattered

light is proportional to the square of the droplet diameter for their collection angle, droplet size parameter, and

liquid optical properties.
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Morerecently,Sankaret al, 1997,combinedPLIFandplanarMiescatteringby ratioingPLIFand
elastically-scatteredlightintensitiesto determinesprayvolume-to-surface-arearatios.Sankaretal assumedthat
theaccumulatedPLIFimageintensitieswereproportionalto thesummeddropletvolumes,andtheMiesignals,
proportionaltothesumsofthedropcross-sectionalareas.If theproportionalityconstantscanbedetermined,then
theratiosofthesesignalsshouldequal:

C × Z Xi d3 / Z Xid_

where C is an experimentally determined constant, N is the number of drops in the ith size class, and d is the

representative diameter of that size class. This expression is proportional to the Sauter mean diameter (SMD).

Sankar et al demonstrated good agreement between phase Doppler interferometry SMD measurements and ratios

of PLIF/Mie scattered intensities in non-reacting sprays. We have applied this "optical patternator" technique to

obtain planar measurements of fuel distributions in high pressure, reacting gas turbine combustor sprays.

2. Setup

Tests were conducted in the CE-5 Subcomponent Test Facility at the NASA Lewis Research Center for

evaluation of advanced gas turbine injector concepts. Windowed combustor housings were used that allow optical

access to reacting flows at pressures up to 2 MPa (20 atm), and flow temperatures up to 2000 K (3200 °F). Non-

vitiated air is supplied to the test section at temperatures up to 840 K (1050 °F). The fuel injector is typically

positioned so that the dome face is visible within the 3.8 cm (1.5") (axial dimension) view of the windows. Flow

path dimensions for the housing used in this study were 7.6 x 7.6 cm (3 x 3"). The flow path is formed by cast

ceramic, which places a limitation on the maximum flame temperature. The inside surfaces of the windows, which

are typically installed to be flush with the flow path formed by the ceramic liner, are cooled by a thin layer of

gaseous nitrogen. JP-8 and Jet A fuels were used for the results presented here.

The layout of the test section, along with laser-based instrumentation, is shown in Figure 1. For the

planar measurements, a Continuum Nd:YAG pumped dye laser with frequency doubling was used to generate

approximately 18 mJ/pulse at 281.5 nm. The laser output, formed into a sheet using a 3000 mm focal length

cylindrical lens, enters the top of the windowed test section. By passing the laser sheet through acetone vapor in a

quartz cell and recording fluorescence images, the focussed sheet thickness was determined to be 1200 gm at 1/e 2

width. To record images of fuel droplet scattering and fluorescence, a Princeton Instruments ICCD camera with a

384 x 576 element array was used. Two narrowband (10 nm FWHM) interference filters, one centered around 313

and another around 280 nm, enabled selective detection of fuel fluorescence and Mie scattering, as well as rejection

of background combustor radiation. For these tests, the laser was tuned away from any OH absorption lines, so the

313 nm filter detected broadband fluorescence of the jet fuel, which is believed to arise primarily from

polyaromatic hydrocarbons (PAH), such as napthalene, present in the fuel (Hicks et al, 1997). A Phase/Doppler

Particle Analyzer was also used to measure the size and velocity distributions of the fuel droplets for low inlet

temperature conditions. Additional details of the experimental setup are given elsewhere (Hicks et al, 1997).

3, Results

The spray characteristics of two different types of injectors, with varying degrees of prevaporization, were

analyzed in this study. The first flow field characterized was produced by a single element of a lean burning,

premixing, prevaporizing injector. At the idle operating condition, the combustor inlet temperature was too low to

completely vaporize all of the fuel before injection into the combustor. Since the injection velocities were high to

prevent flashback for this premixed configuration, the flame stabilized several inches downstream of the injector
dome face.

A comparison between PDI temporal measurements of Sauter Mean Diameter (SMD), and concentration-

sensitive drop size measurements derived from intensity ratios of the PLIF and Mie planar images, is shown in

Figure 2. Both data sets on the graph represent flow measurements acquired along a horizontal line, passing

through the vertical center of the injector, and 6 mm downstream of the injector dome face. The images were

binned by taking the averages of 4 x 4 blocks of pixels. Binning was necessary due to the unsteady nature of the

flow, and also because the Mie and PLIF images were not acquired simultaneously. The trends between the

PLIF/Mie ratios and the PDI drop size measurements are similar (Figure 2). The most notable difference is the

peak in the PLIF/Mie ratio at x=15 ram, which is not matched by the point SMD measurement. This degree of

agreement is surprising, considering that the PLIF response is due to PAH in the vapor phase, as well as PAH in

the liquid fuel droplets. It was postulated that the PLIF signals arising from the liquid and gaseous fluorescing

phases happen to be similar, since higher vapor concentrations would be present in areas of higher liquid fuel drop
number densities.

When cross-sections of the PLIF, Mie, and intensity ratios are compared (Figure 3), the PLIF and Mie

plots resemble each other closely, except that the PLIF peaks appear slightly broader, probably due to signals

NASA/TM--1999-208909 2



arisingfromvaporizedPAH.NumberdensitiesofdropsasmeasuredusingPDIarealsopresented(Figure3) for
comparisonwiththeMieintensities.Aswouldbeexpected,goodagreementis seenbetweentheplotsof PDI
numberdensities,andaveragedMieintensifies,sincebotharerelatedtothedropletconcentrations.

Resultsfroma secondinjectorconfiguration,forwhichthefuelwasnotprevaporized,arepresentedin
Figure4. Thisinjectorproduceda hollow-conespray,soPDImeasurementswereonlyobtainedin fuelspray
regionsofhighernumberdensity,awayfromtheinjectorcenterline.AlthoughPDImeasurementswereattempted
acrosstheentirediameterof thespray,thedataratewasnearlyzerofor thenegativex locations.Thiswas
attributedtomultiplescatteringeffectsinducedbyhighnumberdensitiesof verysmalldroplets,whichresultedin
extinctionofthescatteredPDIsignal.Theagreementin thiscaseisnotconclusive,butit couldbearguedthatthe
relativelysparsePDIdataarerelatedtothePLIF/Mieratiovalues.

Aswasthecasewiththeprevaporizedinjector,goodagreementis seenbetweenthenumberdensityof
dropsasreportedbythePDI,andtheMieintensities(Figure5). Sincethetrendsin thePLIFandMieplotsare
similar,whenthePLIFisdividedbytheMiesignal,thehighestratiovaluesoccurjustoutsideof theMiepeaks.
Thisissomewhatdisturbing,sinceit indicatesthatthehighestPLIF/Mievaluesarisefromvaporizedfuel,instead
ofliquiddroplets.

Toillustratethisproblem,slicesofthePLIFandMiesignals,fordifferentaxialdistancesdownstreamof
theinjector,areshowninFigure6. SincethePLIFandMiepeakintensitiesaresimilar,whentheimageratiosare
taken,thepeaksarereplacedby gaps,generatinganannularshapefor thishollow-conespray(Figure6).
AlthoughthePLIFandMie imagesprovidefantasticinformationaboutlocations,relativeconcentrations,and
extentof liquidandgasphasefueldistributionsin thesecomplex,highpressure,andhighnumberdensityreacting
sprayflowfields,theimagedataaredifficultto quantify.It appearsthatadditionaleffortswill berequiredto
resolvethedifficultiesintroducedbyPLIFdetectionofPAHinbothliquidandgasphase.

TohelpresolvethisdifficultywiththefuelPLIFsignals,thefeasibilityof usingPLIF/Mieratiosto
determinespraydropsizesforoursetupwasanalyzedusingafar-fieldMiescatteringcodefromValleyScientific,
Inc. Thescatteredlightintensitieswerecomputedusinga realrefractiveindex,n, of 1.4,andawiderangeof
imaginaryrefractiveindices,k. Othersetupparametersincludeda detectionangleof 90°, andperpendicularly
polarizedincidentlight,withi,=.2815gin. Computationswereperformedfordropdiametersfrom1to 200gin.
ResultsareplottedinFigure7asafunctionofx2(wherex=_d/_).Fork largerthanabout.01,thereis a linear
relationshipbetweenthesquareof thedropletdiameterandscatteredintensity,evenwithoutperformingany
averagingoverthereceivinglensaperture.Absorbancedata(Hickset al, 1997)wereusedto calculatean
imaginaryrefractiveindexof .045at 281nmforJP-5,indicatingthattheMiesignalswereproportionalto the
squareddropletdiametersforourexperiment.

Absorptionefficiencies,Qabs, are plotted in Figure 8 for the same parameters (n=l.4, i,=.2815 gin,

l<d<200 gin). If the fluorescence induced in the droplet is isotropic, then the absorption efficiency will indicate

the relationship between droplet size parameter and fluorescence signal. Since Qabs is normalized by the droplet

cross-sectional area, _d2/4, then a linear relationship between droplet size and Qabs indicates that the drop

fluorescence intensities are proportional to d3. Unfortunately, it can be seen that only minimally absorbing drops

exhibit absorption efficiencies that are linearly proportional to drop size (Figure 8). For k greater than .0001, the

relationship between drop volume and fluorescence signal will not be linear for our droplet size range. In fact, for

k>.01, the drop fluorescence intensity will be linearly proportional to the drop cross-sectional area, instead of its

volume. This implies that for the PLIF/Mie ratioing technique to be successfully applied, the imaginary refractive

index for the PLIF measurements should be .0001 or smaller. However, for fluorescence to occur, the liquid

molecules must be absorbing, which implies larger k values. Such small values of k are also not optimal for Mie-

scattering measurements at 90 ° collection angle, although using parallel polarization, an alternative collection

angle, and/or a sufficiently large aperture lens, would damp out intensity oscillations. Different wavelengths could

be used for the elastically-scattered and PLIF measurements that exhibited high absorption for the Mie, and less

absorption for the PLIF. Since the imaginary refractive index of JP-5 is about .045 for the wavelength used in our

tests, the PLIF signal responses were proportional to the squared droplet diameters, instead of the droplet volumes.

This would explain why our PLIF and Mie signals nearly cancelled each other out. If our PLIF and Mie signals

were both proportional to the drop cross-sectional areas, then their ratios should have been a constant: if not for the

vapor fuel response of the PLIF, our signal ratios would have been nothing but noise.

Rotunno et al, 1990, claimed a linear relationship between (drop diameter) 3 and fluorescence intensities

for droplets with an optical density of 0.2 or less. They considered a maximum drop size parameter of 530 for their

exciplex fluorescence experiment. An optical density of 0.2 corresponds to an imaginary refractive index of .0002

at their wavelength of 355 nm. This agrees with the computations presented in Figure 8, since the k=.0002 line is

fairly straight for size parameters from 10 to 530, whereas curvature is visible in the slightly more absorbing

k=.0005 data over the same size range.
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Thedifferencesin theinternalintensitiesforminimallyandhighlyabsorbingdropswerecomputedusing
MiescatteringcodeforspherespublishedbyBarberandHill, 1990.Althoughtheseinternalintensitiesareforthe
incidentwavelengthonly,it is assumedthatthefluorescencesignalwill beproportionaltotheintensityof the
excitinglaserlight. Cross-sectionsof thelogof theMie intensitiesareplottedin Figures9 and10for size
parametersof x=10andx=100.Theincidentlinearlypolarizedwavepropagatesfromthebottomto thetopin
thesefigures.Figure9showsthecross-sectionintensitiesforall intensityvalueswithinthedropradii.Thesame
dataareplottedin Figure10,exceptthattherangesofcontourvalueswerelimitedto4 ordersofmagnitude.A
lowk valueof .0001wasusedin thecomputationsontheleftside,andourestimatedk value(.045forJP-5at
281nm)in theplotsontheright. Forverytinydrops(x=10),theMieintensitiesaresimilarforbothk values
(Figures9aand9b). Lightpassingthroughthedropletis internallyreflectedmultipletimesto producean
interferencepattern,withafocusoppositetheincidentbeam.However,if thedropsizesareincreasedtox=100,it
canbeseenthatthehighlyabsorbingdrop(Figure9d)hasmostoftheintensityabsorbednearthedropletsurface.
Inthelessabsorbingcase(Figure9c),theinterferinginternallyreflectedlight,aswellasthefocusatthetopofthe
plot,canbeseen.

Whenthesameresultsareplotted,exceptusingcontourvaluesthatarelimitedto fourordersof
magnitude,thesimilaritiesbetweenthex=10dropletsfork=.0001andk=.045arestill apparent(Figure10aand
10b).However,for a sizeparameterof x=100,thedifferencebetweenintensityfieldsfor thelow andhigh
imaginaryrefractiveindicesisemphasized(Figures10cand10d).Despitetherelativelysmalldropdiameterof
d=9microns,all ofthelightincidentonthek=.045dropisabsorbednearthesurface,withoutpassingthroughthe
dropto formanyinterferencepattern,or foci. Thisexplainswhythehighlyabsorbingdrops(k=.045)havea
fluorescencesignalproportionaltotheirsurfaceareas.

Resultsby McDonelletal, 1995,of dropletfluorescenceintensitiesqualitativelyagreewiththeabove
analyticalresults.Fortheirtests,therelationshipbetweendropfluorescenceintensitiesandvolumeswaslinearfor
thesizestheywereableto producewitha monodispersedropgenerator(approximately60-220microns).The
fluorescenceintensityfora singledropletilluminatedby alasersheetexhibitedthesamehighintensityregion
illustratedbyplotsofthecross-sectioncalculationsofuniformlyilluminated,minimallyabsorbingdropsinFigure
10. Theirresultsarein agreementwiththeMiecalculationspresentedhere,forwhichlow liquidabsorbances
allowedthelaserlight to passthroughthedropswith little attenuation,andgeneratedtheexpectedlinear
relationshipbetweenfluorescenceintensityanddropletvolume.

4. Conclusions
ComparisonsbetweenPDImeasurementsandPLIF/Mieimageswereconductedonhighpressuregas

turbinecombustorflowfields.Althoughsomesimilaritiesbetweenthedropsizeswereapparentfor testsona
prevaporizinginjector,conclusiveagreementbetweenPLIF/MieandPDI Sautermeandiameterswasnot
demonstratedonahollowconespraywithdirectfuelinjection.It appearsthattheMieandPLIFsignalswere
relatedto thedropnumberdensities,whichmakesthecombinationof thesetechniquesinvaluablefor rapid
determinationofliquidandvaporizedfueldistributionoverlargeregionsofthecombustor.

Miescatteringcalculationsindicatethatalthoughtheelastically-scatteredlightintensitiesareproportional
tothedropcross-sectionalareas,thePLIFresponseforourlaserwavelengthandfuelimaginaryrefractiveindex
didnotproduceasignalthatisproportionaltothedropletvolumes.Additionalworkisrequiredtodeterminethe
errorintroducedbythePLIFresponsetogaseousandliquidphasefuel,sincetheliquidphaseresponsemaynotbe
linear,ormayevenbenon-existent,andthegasphasemeasurementsneedtobeaccountedforbeforethePLIF/Mie
ratiois computed.Althoughtheseanalysesarepreliminary,theyhavebeeninvaluablein determiningthe
sensitivityofthederivedvaluestosuchfactorsaslaserwavelength,laserpowerfluctuations,flowfieldoscillations,
andbeampolarizationdirection.Futureworkwill includeattemptsto elicitdropletfluorescenceatwavelengths
forwhichthefuelislessabsorbing,whichwouldmakethefluorescencesignalproportionaltothedropletvolumes.
Wealsoexpecttostudythedifferencesinextentandresponseofthefluorescencesignalsarisingfrombothgasand
liquidphasefuel,Mie-scattered(liquidphase)lightfor informationaboutfuel/airmixing,andtherelationship
betweenfuel/airmixingandcombustoremissions.
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